CD1d-restricted NKT cells that express an invariant V␣14 TCR represent a subset of T cells implicated in the regulation of several immune responses, including autoimmunity, infectious disease, and cancer. Proper rearrangement of V␣14 with the J␣18 gene segment in immature thymocytes is a prerequisite to the production of a TCR that can be subsequently positively selected by CD1d/self-ligand complexes in the thymus and gives rise to the NKT cell population. We show here that V␣14 to J␣ rearrangements are temporally regulated during ontogeny providing a molecular explanation to their late appearance in the thymus. Using mice deficient for the transcription factor ROR␥ and the germline promoters T early-␣ and J␣49, we show that developmental constraints on both V␣ and J␣ usage impact NKT cell development. Finally, we demonstrate that rearrangements using V␣14 and J␣18 occur normally in the absence of FynT, arguing that the effect of FynT on NKT cell development occurs subsequent to ␣-chain rearrangement. Altogether, this study provides evidence that there is no directed rearrangement of V␣14 to J␣18 segments and supports the instructive selection model for NKT cell selection. The Journal of Immunology, 2007, 179: 2228 -2234.
D
uring thymocyte development, TCR ␣-and ␤-chain gene rearrangements occur in two phases driven by RAG-1 and RAG-2 recombinases. In the first phase, recombination of TCR␤ V, D, and J region gene segments is initiated in CD4
Ϫ CD8 Ϫ double-negative thymocytes. If the rearrangement is productive, the in-frame ␤-chain combines with pre-T ␣-chain and CD3 components thus forming a pre-TCR complex at the cell surface, which initiates differentiation and proliferation of CD4 ϩ CD8 ϩ double-positive (DP) 4 thymocytes. In the second phase of recombination, primary rearrangements of TCR␣ VJ gene segments are essentially initiated in DP thymocytes. Successful rearrangement and expression of TCR␣ genes is marked by an increase in cell surface TCR/CD3 levels. However, TCR␣ recombination and RAG expression persist until a productive interaction between TCR and self MHC occurs during positive selection. If positive selection does not occur, secondary V␣-J␣ rearrangement proceeds to replace failed primary rearrangements (1) . TCR␣ recombination begins at the 5Ј end of the J␣ cluster and progresses to the 3Ј J␣s during thymocyte maturation. Analysis of V␣-J␣ usage has revealed that a majority of peripheral T cells have undergone secondary V␣-J␣ rearrangement thus highlighting the importance of secondary rearrangement in the generation of the T cell repertoire (1) .
NKT cells are a unique lymphocyte lineage that coexpress a rearranged TCR in association with the CD3 complex as well as several receptors first identified on bona fide NK cells, such as NK1.1, the IL-2/15R ␤-chain (CD122), and various Ly49 molecules. NKT cells recognize glycolipid Ags bound to the MHCrelated molecule CD1d (2) . Following TCR stimulation, NKT cells rapidly secrete an array of cytokines, including IL-4, IFN-␥, and TNF-␣, resulting in the activation of NK cells, macrophages, dendritic cells, and cells of the adaptive immune system including B lymphocytes and memory T cells (3) . The early and potent response of NKT cells may provide an important link between the innate and adaptive immune systems (3, 4) . Consistent with this, NKT cells appear to be important for responses to tumors, infectious agents, the maintenance of self tolerance, and the prevention of autoimmunity (3, 5) .
In the mouse, the vast majority of NKT cells express a semiinvariant TCR composed of a specific canonical V␣14-J␣18 rearrangement. The corresponding designation of this rearrangement from the international ImmMunoGeneTics Information System (IMGT) (6) is ADV11-TRAJ18. However, in the interest of maintaining backward compatibility with a large amount of literature regarding NKT cells, we have chosen to retain the nomenclature of Arden et al. (7) . This V␣14-J␣18 rearrangement is found preferentially associated with either V␤8.2 (TRBV13-2), V␤7 (TRBV29), or V␤2 (TRBV1) (8 -10) . We refer to this CD1d-reactive subgroup as V␣14 invariant (V␣14i) NKT cells to distinguish them from other populations of NKT cells that have been defined (3, 11) . These cells are almost uniformly reactive to the pharmacological ligand, ␣-galactosylceramide (␣GalCer) (12, 13) and can be readily detected using ␣GalCer/CD1d tetramers (14, 15) . The rearrangement of the V␣14 to J␣18 gene segment takes places in uncommitted DP CD4 ϩ CD8 ϩ thymocytes (16, 17) . Following TCR expression at the cell surface, the cells are positively selected by other DP cortical thymocytes expressing CD1d (18, 19) . Following positive selection, V␣14i ϩ T cells expand and undergo several maturation events leading to the late fate commitment to the NKT cell lineage and the acquisition of their unique attributes (20) . Several mutations in genes of various cytokines and their receptors, transcription factors, and cell-signaling molecules have been shown to specifically affect V␣14i NKT cell development (20) . Of interest, mice deficient in the Src tyrosine kinase, FynT, are severely impaired in V␣14i NKT cell development while numbers of NK cells and other T cell subsets are relatively normal (17, 21, 22) . Intriguingly, introduction of a prerearranged V␣14-J␣18 chain transgene into FynT Ϫ/Ϫ mice could rescue this defect (23) . These results suggested that in absence of FynT, V␣14i NKT cell development was arrested very early perhaps before TCR ␣-chain rearrangement. However, it is not clear how a deficiency in a downstream signaling molecule such as FynT, can be substituted by a prerearranged TCR.
Recently, mice deficient for the retinoic acid receptor-related orphan receptor (ROR␥) and its thymus-specific isoform ROR␥t were also reported to lack V␣14i NKT cells (24, 25) . By regulating the survival window of DP thymocytes, ROR␥t was shown to control TCR␣ rearrangements and limit the usage of 3Ј J␣ gene segments, including J␣18 (26) . Reminiscent of the results obtained with FynT Ϫ/Ϫ mice, introduction of the prerearranged V␣14-J␣18 TCR into the ROR␥ Ϫ/Ϫ background also restored V␣14i NKT cell development (24) .
In addition, a role for FynT in the generation of DP thymocytes and in the apoptosis of thymocytes has been proposed (27) (28) (29) (30) , suggesting a possible relationship between FynT and ROR␥t in the control of TCR␣ repertoire diversity, and by extension, in the development of V␣14i NKT cells.
In this study, we have examined TCR rearrangements involving the V␣14 gene segment in the course of ontogeny and tested the hypothesis that FynT might play a role in the TCR␣ rearrangement process. We show that V␣14-J␣ rearrangements are temporally regulated during thymic ontogeny and that constraints at the level of both J␣ and V␣ usage impact V␣14i NKT cell development. Our results demonstrate that TCR rearrangements involving the V␣14 gene segment occur similarly to other V␣ gene segments previously examined, arguing against a precommitment model of V␣14i NKT cell development. Finally, we show that rearrangements using the V␣14 gene segment occur normally in absence of FynT.
Materials and Methods

Mice
C57BL/6 and B6;129S7-Fyn tm1Sor/J congenic mice were purchased from The Jackson Laboratory. J␣18 Ϫ/Ϫ B6 congenic mice were a gift of M. Taniguchi (Chiba University, Chiba, Japan). CD1d Ϫ/Ϫ B6 congenic mice were originally generated by L. Van Kaer and colleagues (Vanderbilt University, Nashville, TN). ROR␥ Ϫ/Ϫ and TEA Ϫ/Ϫ J␣49 Ϫ/Ϫ mice have been described previously (26, 31) . Mouse strains were bred and maintained in the Center for Laboratory Animal Care facility at the University of Colorado Health Sciences Center (Denver, CO) and the Duke University Medical Center (Durham, NC). Unless specified otherwise, mice were used for experiments between 4 and 12 wk of age. Handling of mice and experimental procedures were in accordance with institutional requirements for animal care and use.
Genomic V␣-to-J␣ rearrangement analysis
Multiplex PCR strategy has been previously described (32) . Briefly, genomic DNA was isolated from thymocytes using DNAzol (Molecular Research Center) and was amplified using an upstream primer specific for the V␣14 gene segment paired with various downstream primers specific for J␣(x) gene segments (where x is 56, 48, 40, 33, 27, 23, 18, 16, 9, or 2) . Each primer pair amplified the specific V␣14-J␣(x) rearrangement, and additionally, a limited set (between 2 and 4) of rearrangements resulting from V␣14 joining to J␣ gene segments 5Ј to the targeted J␣(x). Primers and probes used in this study have been described previously (32, 33) with the exception of the following: AJ18, TCCCTGGAGTAGAAAGAAAC CTACTCAC; AJ18 probe, CAGGTATGACAATCAGCTGAGTCCC; V␣14, GTCCTCAGTCCCTGGTTGTC; V␣14 probe, TGGGAGATACT CAGCAACTCTGG; C␣ forward, CCTCTGCCTGTTCACCGACTT; C␣ reverse, CAGTCAACGTGGCATCACA. Amplifications were performed with Expand High-Fidelity Polymerase (Roche Applied Science) (1.75 U/reaction) using the following PCR conditions: 5 min at 94°C, 26 cycles of 1 min at 94°C, 1 min at 58°C, 6 min at 72°C, and 10 min at 72°C. Maximum PCR product sizes ranged between 5 and 6 kb. Controls for each PCR run included a positive control for the C␣ gene segment. PCR products were resolved on 1.5% agarose gels and blotted onto nylon membranes for Southern analysis. Oligo probes for Southern blot analysis of PCR products were labeled using the Digoxigenin Oligonucleotide 3Ј-End Labeling kit (Roche Applied Science). Digoxigenin-labeled probes were hybridized to PCR products and were detected by chemiluminescent technique per manufacturer's recommendations or 32 P-labeled oligonucleotide probes as previously described (31) .
RT-PCR analysis of V␣14 usage
RNA was isolated from total thymocytes using TRIzol (Invitrogen Life Technologies) according to the manufacturer's instructions. cDNA was synthesized using Moloney's murine leukemia virus reverse transcriptase and oligo(dT) primers. V␣14-C␣ PCR products were amplified, fractionated by 1.0% agarose gel electrophoresis, transferred to nylon membranes, and hybridized with a 32 P-labeled C␣ probe.
Flow cytometry
Thymocytes were stained for the presence of the V␣14i NKT cell population based on staining for TCR␤ (clone H57-597; eBioscience) and reactivity with ␣GalCer-CD1d tetramer, as previously described (15) . Biotinylated mouse CD1d monomers were provided by the National Institutes of Health Tetramer Facility.
Results
Analysis of V␣14-J␣ rearrangements in the adult thymus
We qualitatively measured the occurrence of genomic TCR rearrangements using the V␣14 segment with J␣(x) segments in thymocytes of C57BL/6 and J␣18 Ϫ/Ϫ mice. Multiplex PCR assay for amplification of rearranged genomic sequences was performed using a specific V␣14 primer paired with specific J␣(x) primers that span the entire J␣ locus (Fig. 1A ). This technique allows for onetube amplification of DNA rearrangements of a given V␣ with three to four juxtaposed J␣ gene segments contained within a targeted region. Amplification of the C␣ locus served as a positive control for each PCR run (data not shown). The hybridization patterns and band intensities shown in Fig. 1B are typical of the V␣-J␣(x) rearrangements that we consistently observed with the thymus of adult C57BL/6 mice. Detailed analysis of the V␣14 rearrangement pattern revealed ϳ30 different V␣14-J␣ rearrangements involving 5Ј, central, and 3Ј J␣ segments (Fig. 1B) . Similar patterns were obtained with a V␣14 probe or a mixture of J␣ probes. Detection of V␣14-J␣18 rearrangements was obtained by two independent PCRs using primers specific for the genomic sequence 3Ј of J␣18 and J␣16, respectively. We confirmed the specificity of V␣14-J␣18 rearrangements in this assay by comparing thymocytes of adult C57BL/6 mice to J␣18 Ϫ/Ϫ mice ( Fig. 1C ) in which similar rearrangements were detected with the notable absence of V␣14-J␣18 rearrangements in the J␣18 Ϫ/Ϫ thymocytes.
V␣14-J␣ rearrangement during ontogeny
We next examined when during ontogeny these rearrangement patterns are established. Fig. 2 shows results of multiplex PCR assay performed on genomic DNA of C57BL/6 thymocytes harvested at various pre-and postnatal time points. By fetal day 19, V␣14 rearrangements to J␣ gene segments more 3Ј to J␣27 (including J␣18) occurred at a very low frequency, at best, relative to that of adult thymocytes (Fig. 2) . Longer film exposure times did not increase the intensities of hybridization signals in lanes appearing to have little or no PCR products reflective of V␣14-J␣(x) rearrangements (data not shown). By F20, however, rearrangements of V␣14 with J␣18 and the more 3Ј J␣ gene segments started to be detectable (Fig. 2) . Comparison of V␣14-J␣(x) hybridization signals of 2-day-old, 2-wk old, and adult samples revealed increasing levels of rearrangements involving the 3Ј J␣ gene segments closer to the C␣ gene as a function of age. These results are in agreement with previous data in which different V␣s were analyzed (32) . The first V␣14 to J␣18 gene rearrangements were detectable within a 24 -48 h window before birth and by day 2, levels of rearrangements were close to that of an adult.
V␣14i NKT cells are absent in ROR␥
Ϫ/Ϫ and TEA
Our previous results suggest that during ontogeny, rearrangements involving the V␣14 gene segment proceed at a controlled rate with rearrangement position determined by the age of the DP thymocytes (Fig. 2) . In adult mice, DP thymocyte lifespan also determines to what extent TCR␣ rearrangements progress along the length of the J␣ array (26) . The transcription factor ROR␥ controls DP thymocyte lifespan through its regulation of Bcl-x L expression (26) . DP thymocyte lifespan in ROR␥-deficient mice is largely decreased and TCR␣ rearrangements are limited almost exclusively to J␣ gene segments located at the 5Ј end of the J␣ array (J␣61 to J␣45) (26, 31) . These rearrangements depend on the Tcr␣ enhancer (E␣) (34) which activates the T early-␣ (TEA) and J␣49 promoters (31, 35) . Germline transcripts initiated from these promoters are important contributors to the accessibility of the TCR␣ locus in vivo (36) . It was recently shown that the presence of these transcripts increases the recombination of the J␣ segments located within several kilobases of the promoters and prevents the activation of downstream promoters through transcriptional interference (24, 25) , no ␣GalCer/CD1d tetramer ϩ cells were detected in the thymus of ROR␥ Ϫ/Ϫ mice. However, deletion of the TEA and J␣49 promoters was not sufficient to restore the V␣14i NKT cell population in absence of ROR␥ Ϫ/Ϫ (Fig. 3) .
Analysis of V␣8-J␣ and V␣14-J␣ rearrangements and transcripts in the thymus of ROR␥
The absence of V␣14i NKT cell in the thymus of TEA
Ϫ/Ϫ was surprising, and suggested that proper V␣14-J␣18 rearrangements might not happen in these mice. To further investigate this possibility, rearrangements involving V␣14 or another control V␣ gene segment, V␣8, were analyzed by PCR of genomic DNA from the thymus of wild-type (WT), ROR␥ Ϫ/Ϫ , TEA Ϫ/Ϫ J␣49 Ϫ/Ϫ , and TEA Ϫ/Ϫ J␣49 Ϫ/Ϫ ϫ ROR␥ Ϫ/Ϫ mice. In WT mice, V␣8 rearranged with the whole array of J␣s, as illustrated by the presence of PCR products corresponding to V␣8-J␣50 and V␣8-J␣18 rearrangements. TEA Ϫ/Ϫ J␣49 Ϫ/Ϫ mice displayed decreased J␣50 and increased J␣18 rearrangement relative to WT, as expected due to the refocusing of rearrangement events by deletion of the TEA and J␣49 promoters (Fig. 4A) . In ROR␥ Ϫ/Ϫ mice, V␣8-J␣50 rearrangements were still detected, but V␣8-J␣18 rearrangements were not, consistent with a strong 5Ј bias to J␣ usage in these mice. Notably, rearrangements involving the V␣14 gene segment, either with J␣50 or J␣18, were also dramatically reduced in ROR␥-deficient mice (Fig. 4A) . This may reflect the fact that V␣14 segments are located further 5Ј in the V␣ array than several of the V␣8 family members, and that 5Ј V␣ segments are not used efficiently in short-lived DP thymocytes.
As compared with ROR␥ Ϫ/Ϫ , we detected some recovery of V␣8-J␣18 rearrangement in TEA Ϫ/Ϫ J␣49 Ϫ/Ϫ ϫ ROR␥ Ϫ/Ϫ mice due to the retargeting of primary rearrangement events (Fig. 4A) . However, we detected no V␣14-J␣18 rearrangement in these mice. This is probably the result of diminished V␣14 rearrangement on the ROR␥ Ϫ/Ϫ background that cannot be compensated by TEA and J␣49 promoter deletion. To independently confirm a defect in V␣14 usage in ROR␥ Ϫ/Ϫ mice, we prepared thymus cDNA and amplified with V␣14 and C␣ or V␣8 and C␣ primers. Whereas transcripts containing rearranged V␣8 were of similar abundance in thymus samples of all four genotypes as a proportion of total TCR␣ transcripts, transcripts containing rearranged V␣14 were substantially reduced in ROR␥ Ϫ/Ϫ and TEA Ϫ/Ϫ J␣49 Ϫ/Ϫ ϫ ROR␥ Ϫ/Ϫ mice (Fig. 4B) .
V␣14-J␣ rearrangements in absence of FynT
V␣14i NKT cell development is particularly sensitive to certain gene mutations that have relatively minor effects on conventional T cell development. For example, the Src tyrosine kinase, FynT, has been shown to be dispensable for T cell development. T cell subsets are present in normal numbers in the thymus and periphery of FynT Ϫ/Ϫ mice, whereas V␣14i NKT cell numbers are greatly reduced in the thymus and periphery (21, 22) . Fig. 5A shows results of flow cytometry analysis of ␣GalCer-CD1d tetramer staining of thymocytes from normal B6 and FynT Ϫ/Ϫ adult mice. As , and ROR␥ Ϫ/Ϫ ϫ TEA Ϫ/Ϫ J␣49 Ϫ/Ϫ thymocytes. Three-fold serial dilutions of genomic DNA were amplified using the indicated primer combinations and PCR products were detected by Southern blot using 32 expected, tetramer-reactive thymocytes are virtually absent in FynT Ϫ/Ϫ mice as compared with WT. Because there is evidence that FynT is implicated in the generation of DP thymocytes and their apoptosis (28, 30, 37) , and that the influence of FynT in V␣14i NKT cells might occur before ␣-chain rearrangement as suggested by others (23), we reasoned that FynT might have a previously unappreciated role in TCR␣ rearrangement. We addressed this possibility using multiplex PCR and Southern blot. Results presented in Fig. 5B show a comparison of adult CD1d
and FynT Ϫ/Ϫ thymocyte V␣14-J␣(x) gene rearrangement profiles. Both FynT-and CD1d-deficient mice have V␣14-J␣(x) rearrangement profiles similar to that of WT (compare with Fig  1) . Therefore, from this analysis, it appears that FynT Ϫ/Ϫ thymocytes are not blocked in NKT cell development before ␣-chain rearrangement. From the intensity of the hybridization signal, V␣14-J␣18 rearrangements appear to occur at a relatively normal frequency in Fyn-deficient thymocytes even though these cells cannot be detected by cell surface reactivity with ␣GalCer-CD1d tetramers.
Discussion
CD1d-restricted NKT cells represent a distinct subset of T lymphocytes with regulatory functions (5) . In mice, the vast majority of NKT cells are characterized by the expression of a semi-invariant TCR formed by a rearrangement of the V␣14 and J␣18 TCR␣ gene segments paired preferentially with diverse rearrangements involving the V␤8.2, V␤7, and V␤2 TCR␤ gene segments (8) . This population of NKT cells has been defined as "type I NKT cells" to differentiate them from other NKT cell populations with less-defined specificity and phenotype (11) . The importance of the semiinvariant TCR␣ rearrangement for NKT cell development and function is demonstrated by the absence of the ␣GalCer/CD1d tetramer ϩ cell population in mice deficient for the J␣18 gene segment (14, 15) . In the absence of J␣18, it appears that no other J␣ segments, when rearranged with V␣14, can provide a suitable complementary determining region 3 (CDR3) that will be positively selected by CD1d/ligand complexes in the thymus. Mutational analysis of the V␣14i TCR CDR3␣ agrees with these results. In fact, each amino acid of the CDR3␣ junction appears critical for Ag recognition presented by CD1d (J. Scott-Browne, J. L. Matsuda, and L. Gapin, manuscript in preparation). Altogether, these results emphasize that proper rearrangement of V␣14 with J␣18 is an absolute prerequisite to the generation of type I NKT cells.
Analysis of V␣14 TCR rearrangements in fetal thymocytes and early DP thymocytes demonstrated a strong 5Ј bias to J␣ usage, as previously reported for other V␣s (26, 32, 38) . These results suggest that the same mechanism of stochastic rearrangement within the TCR␣ locus occurs in the generation of V␣14i NKT cells and "conventional" TCR ␣␤ ϩ cells. In addition, because V␣ segments are flanked by 23-bp spacer recombination signal sequences (RSS), and J␣ segments are flanked by 12-bp spacer RSSs, multiple rounds of V␣-J␣ rearrangements can occur on the same allele, with each new rearrangement excising the previous rearrangement onto an extrachromosomal circle. This mechanism ensures that thymocytes have multiple opportunities to create a useful TCR repertoire. Because J␣18 is located relatively 3Ј in the J␣ locus, it is likely that V␣14-J␣18 rearrangements are the results of secondary V␣14 rearrangements. In fact, up to 65% of all ␣␤ ϩ T cells carry receptors that are normally assembled by secondary rearrangements (1). This regulation of TCR␣ rearrangements results in differences between fetal and adult TCR␣␤ repertoires, with the latter showing increased diversity. Analysis of V␣14 rearrangements during ontogeny demonstrated that V␣14 starts rearranging with J␣ segments located 3Ј in the locus (including J␣18) only within a 24 -48 h window before birth. Consequently, this delayed rearrangement between V␣14 and J␣18 leads to the absence of V␣14i NKT cells in the fetal thymus and a late appearance of this population after birth. In agreement with these results, V␣14i NKT cells are only detected as early as 3 days after birth by ␣GalCer/ CD1d tetramer staining (16, 39 -41) . Interestingly, neonatal thymectomy on day 3 after birth leads to multiple independent T cell-mediated organ-specific autoimmune diseases (42) . Depletion of several immune regulatory cells, including CD4 ϩ
CD25
ϩ regulatory T cells (43) , intraepithelial ␥␦ T cells (44) , and V␣14i NKT cells (45) has been demonstrated after neonatal thymectomy. These cell populations may represent several of the contributing factors that are required for the induction and maintenance of selftolerance. In support of this hypothesis, a recent report demonstrated that aged J␣18-deficient mice on a nonautoimmune genetic background develop a lupus-like nephritis characterized by proteinuria and Abs against dsDNA and cardiolipin (46).
Two models of thymic development have been proposed for NKT cells (47) . The precommitment model suggests that these cells originate from a committed precursor cell before TCR expression. By contrast, the instructive model postulates that V␣14i NKT cells derive from a T cell progenitor common to conventional thymocytes and V␣14i NKT cells and that expression by chance of the proper V␣14i-V␤8.2/7/2 TCR at the surface of developing thymocytes permits interaction with CD1d and positive selection into the NKT cell lineage. Our results are most consistent with the instructive selection model for V␣14i NKT cell development. First, in agreement with previous studies (24, 25), we showed that V␣14i NKT cells are absent in ROR␥-deficient mice. ROR␥ is a transcription factor expressed exclusively in DP thymocytes during T cell development (48) where it controls DP lifespan through regulation of Bcl-x L expression level (26) . In absence of ROR␥, TCR␣ rearrangements demonstrate a strong 5Ј bias to J␣ usage with no participation of the J␣18 segment. Because J␣18 cannot be used during these rearrangements, no V␣14i NKT cells arise in these deficient mice. In addition to regulation of J␣ usage in the DP thymocytes, our analysis revealed a further constraint on the generation of the V␣14-J␣18 rearrangement that is related to the V segment usage.
Primary V␣-to-J␣ rearrangements are essentially driven by the E␣ enhancer (34) and the TEA and J␣49 promoters (31) . Germline transcripts initiated from these promoters contribute to the accessibility of the TCR␣ locus in vivo (36) . Transcription from these promoters also prevents the activation of downstream promoters through transcriptional interference and permits the proper progression of the TCR␣ locus recombination events (36) . Deletion of these two promoters in vivo derepresses downstream promoters and stimulates primary rearrangement to centrally located J␣ segments (31) . We tested whether we could recover some V␣-J␣18 rearrangements in absence of ROR␥ by crossing the ROR␥ Ϫ/Ϫ mice with TEA Ϫ/Ϫ J␣49 Ϫ/Ϫ mice. The triple-deficient mice showed a weak recovery of V␣8-J␣18 rearrangement, suggesting that promoter deletion was able to induce some early J␣18 usage, as predicted. However, no V␣14-J␣18 rearrangements were detected in these animals. In fact, detection of V␣14 transcripts (irrespective of J␣ usage) in the thymus of ROR␥ Ϫ/Ϫ or ROR␥ Ϫ/Ϫ ϫ TEA Ϫ/Ϫ J␣49 Ϫ/Ϫ mice was largely impaired. These results are in contrast with a previous study where V␣14-C␣ transcripts were readily amplified from the thymus of ROR␥ Ϫ/Ϫ mice (24) . The difference between the two studies likely relates to the PCR conditions used to detect V␣14 transcripts. In our study, the amount of input cDNA and the extent of amplification was limited to keep PCR in the linear range, whereas this was clearly not the case in the previous work (24) . Moreover, we analyzed four independently generated cDNA samples derived from each mouse strain with similar results. These results suggest that, like J␣18, the V␣14 segment is not used in early TCR␣ rearrangements. This occurs presumably because the two members of the V␣14 gene family are located further 5Ј in the V␣ array than three of the six V␣8 family members. Indeed, as for the J␣ segments, V␣ usage is also regulated. Rearrangements are initiated by using 3Ј V␣ segments and 5Ј J␣ segments (32, 49) , and then proceed by using upstream V␣ and downstream J␣ segments until they are terminated by successful positive selection. Altogether, our results demonstrate that there are at least two constraints on V␣14i NKT cell development in DP thymocytes, one at the level of J␣ usage and the other at the level of the V␣ usage.
Finally, because ROR␥ is exclusively expressed in DP thymocytes (48) , these data strongly suggest that thymocyte commitment to the NKT cell lineage occurs at this stage of differentiation. Associated with previous results showing that rearrangements of the silent TCR␣ allele in TCR␣␤ ϩ NK1.1 ϩ hybridoma are not canonical (50) , these data argue against a directed rearrangement of V␣14 to J␣18 segments and do not support the precommitment model of V␣14i NKT cell development.
The difference in V␣14-J␣ rearrangements in mice deficient for ROR␥ and FynT suggests that these transcription factors function at different stages of V␣14i NKT cell development. Introduction of a prerearranged V␣14-J␣18 TCR transgene onto the FynT Ϫ/Ϫ background restored normal development of V␣14i NKT cells in these deficient mice (23) . These results led to the hypothesis that FynT may play a role before and/or during ␣-chain rearrangement rather than during the positive selection of V␣14i NKT cells (23) . In support of this, FynT has been reported to be involved in the generation of DP thymocytes and their apoptosis (28, 30, 37) . Therefore, it remained possible that FynT might modulate TCR ␣ rearrangements through its modulation of DP lifespan. However, analysis of V␣14-J␣s rearrangements in FynT Ϫ/Ϫ thymocytes did not reveal any deficiency. These results suggest that while FynT is clearly indispensable to V␣14i NKT cell development, it does not act at the level of TCR␣ rearrangement. A more complete and thoughtful analysis of the V␣14-J␣18 TCR-transgenic mice used in the FynT study was recently conducted (51) . By crossing the V␣14-J␣18 TCR-transgenic mice with CD1d Ϫ/Ϫ mice, the authors revealed the presence of a sizeable population of ␣GalCer/CD1d tetramer ϩ cells in these mice (51) . These peculiar cells appeared to mature in the absence of thymic ligand and are believed to be induced by the early expression of the TCR ␣-chain, a common artifact of TCR-transgenic mice (52) . It remains to be determined whether these cells might have been responsible for the restoration of the V␣14i NKT cell population in the FynT Ϫ/Ϫ mice (23). In conclusion, our study provides data in support of an instructive model of NKT cell development where DP thymocytes randomly rearrange their TCR and may acquire the specificity to recognize CD1d/Ag if they rearrange V␣14 to J␣18. The late appearance of V␣14i NKT cells in ontogeny can be explained by our observation that the particular rearrangement of V␣14 to J␣18 is constrained by late accessibility of both of these gene segments. In addition, we found that rearrangements of the TCR␣ locus, including V␣14 to J␣18, occur independently of FynT.
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